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§ “Very Large” colliders are grand and exciting 
with great physics potential 
– but timescales are too long, costs high 
– high risks of delays and uncertainties

§ FCC-hh is half a century away! SppC by 2050?
§ Prudent to explore intermediate, compact and 

cost-effective hadron collider options. Hence 
the site filler! J
– progress in physics, extended discovery reach
– Minimize gap in hadron collider physics
– bolster and propagate expertise, advance technology 

Introduction 
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Previous Attempts and Studies
SSC termination was a major set-back for global HEP
~26 km tunnel and shafts constructed  VLHC233 design and R&D

Proposed for previous Snowmass
https://arxiv.org/ftp/arxiv/papers/1306/1
306.2369.pdf

100 TeV pp collider
In 100 km ring in Chicagoland 

Previous attempts in the US on very 
large machines have faltered L
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Basic Design Assumptions:
§ Site, power constraints

– 16 km Circumference; straight sections ~2.6km
– 200 – 300 MW 

§ Energy 22-27 TeV
§ Two IPs

– Lumi/IP in excess of 2e34 cm-2 s-1 

– Crossing angle in the horizontal plane at one IP 
and in vertical plane in the other. Separation 12 s

– Maximum beam-beam tune shift from all IPs 0.025

§ Arc lattice
– FODO cell length 76 m; 12 m dipoles 
– 90 deg phase advance per cell

pp “Site Filler” Collider 
§ A Compact Hadron Collider at Fermilab 

– Intermediate step to a larger collider; test bed for high field magnet use
– Site filler not a new idea. Bob Wilson proposed √s=10 TeV ppbar collider in 

1978. (x 2.5 ring size,  x 2 with 8.6 T magnets, w.r.t. the Tevatron)
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Luminosity and beam-beam parameters

nb=number of bunches
Np=Number of protons/bunch
σx* and σy* are rms beam sizes, 

σz* rms bunch length
βx*and βy* are lattice parameters at IP
Θc is crossing angle

Beam-beam parameters:

Crossing Angle factor:

Luminosity:

Beam Intensity loss rate:

Emittance Damping:
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pp Site Filler
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• Time evolution of luminosity due 
to beam burn-off + emittance 
decay from radiation damping

• Emittance growth due to IBS is 
not taken into account
Ø increase in beam-beam tune 

shift is exaggerated. 
• Beam-beam compensation can be 

deployed (e.g., electron lenses)  
to reduce head-on tune shifts 
Ø Increased luminosity

Optimal 
store time 
~3-4 hr

Evolution of Luminosity
and beam-beam tune shift
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Collider Challenges
§ High field dipole magnets 

– Requires fields > 20 T and high field quality
– Magnet R&D discussed later

§ Interaction region magnets
– Must withstand debris power (4-6x that at LHC, ~HE-LHC) from pp interactions
– Special absorber design in the IR, machine protection system

§ Machine protection
– Very high beam energy and magnetic energy 
– Improved & sophisticated collimation required
– Photon absorbers to protect cold magnet and equipment 
– Novel diagnostics for halo control and beam loss
– Monitor radiation damage

§ High synchrotron radiation
– ~ 10x larger than LHC but two orders of magnitude lower than FCC-hh
– Impact on components, cryogenic system, need radiation hard electronics
– e-cloud 

§ Beam dynamics issues
– Electron cloud effects, beam-beam interactions (head-on and long-range) & 

compensation, beam instabilities, crab cavity operation, ….
§ Cost:  ???
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Proposal

CoM Energy and upgrades 24-27 TeV

Peak Luminosity (1034 cm-2 s-1) 3 - 5 x1034 cm-2 s-1

IP difficulties Crab-crossing, debris power into IR magnets,…

Length of facility, km 27 km (16 km + injectors)

Length of new accelerators, km 16 km

Beam parameters challenges Halo and beam loss control, beam-beam tune 
shift 

Special technologies Beam-beam compensation, crab-crossing, 
machine protection

R&D/validation (yrs. needed); constr. 
start year

High field magnets (10-15 years), ~2042, 

Construction time, yrs. 7-8 years

Cost (wrt ILC) (+/-, %), level of maturity TBD; studies, aggressive magnet R&D needed

Environment issues: AC power 
consumption of facility, resources 
(Nb, LHe…) needed 

150-250 MW 
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§ High Field Magnet Technology
– Current record for Nb3Sn Magnet:

• 16.5 T on conductor, 14.5 T magnet w/ 60 mm aperture; 
Attempts at 17-18 T ongoing

– Hybrid w/ HTS insert R&D 
• Results in next 2 years: 20-25 T demo in next 10 years

– US Magnet Development Program
• Advance technology, improve performance, reduce cost

– IBS research promising for >20T magnets, but early days 
• Might provide cheap, robust magnets; pursued for SPPC

Key Challenge: High Field Magnets (1)

Plan in Europe

US Magnet Development Program
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First 120-mm Nb3Sn dipole coil into SMCT 
structure produced by 3D printing.

Fermilab

R&D with advanced Technology



Key Challenge: High Field Magnets (2)
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§ We have preliminary studies of a pp collider as a 16 km Fermilab 
site filler with collision energy in the range of 22-27 TeV.

§ Luminosities 2-5e34 cm-2s-1 or higher are achievable.
§ This compact collider provides an intermediate step towards a 100 

TeV collider, with significant physics potential.
§ Synchrotron radiation and beam dynamics issues seem 

manageable.
§ Major challenge for the machine is the need for very high field 

magnets,  ~22-26 T.
§ Aggressive R&D on high field magnets required.

Summary
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Extra Slides
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Site-Filler pp Collider
parameter FNAL SF HE-LHC FCC-hh
collision energy cms [TeV] 24 27 100
dipole field [T] 24.4 16 16

circumference [km] 16 26.7 97.8

beam current [A] 0.41 1.12 0.5

bunch intensity  [1011] 1.05 2.2 1 (0.2) 1 

bunch spacing  [ns] 25 25 25 (5) 25 

IP b*
x,y [m] 0.5, 0.5 0.45 1.1 0.3

luminosity/IP [1034 cm-2s-1] 5 15 5 30

peak #events/bunch crossing 135 800 170 1020 

stored energy/beam [GJ] 0.26 8.4

synchrotron rad. [W/m/beam] 3.9 3.74 30

transv. emit. damping time [h] 1.8 1.1

initial proton burn off time [h] 3.5 3.0 17.0 3.4

FNAL-SF numbers T. Sen
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Multi-TeV Fermilab pp Collider Options
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100 km Ring

16 km 
Site filler

54 km Ring



6/30/202016

Slide from Frank Zimmermann 
at the Snowmass CPM 2020 
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Scenarios for Colliders & R&D 

In case of no HE-LHC, and CERN 
proceeds with plans for FCC-ee
and then FCC-hh

ILC in Japan or US, if CERN 
decides on HE-LHC or FCC-hh
after HL-LHC

It is critical to start working now 
on reducing the timescale and 
costs of the future colliders!

16 T magnet R&D needed for HE-
LHC/FCC-hh at CERN

If CepC goes ahead, decision on US 
participation needs to be made
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Scenarios and Timeline for Future Colliders
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q HE-FNAL or HF-FNAL can probably be realized by late 2030s! 

FCC-hh in ~2070 if after 
full FCC-ee program

HE-LHC could start 
mid-2040s or later

70 year
plan at 
CERN!!



Exciting advances in HTS vs Nb3Sn properties, but 
cost remains a major problem
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Applied Magnetic Field (T)

REBCO: B צ Tape plane

REBCO: B ٣ Tape plane, 45 ʅm sub

REBCO: B ٣ Tape plane

Bi-2212: OST NHMFL 50 bar OP

EďЈ^Ŷ͗�/ŶƚĞƌŶĂů�^Ŷ�ZZWΠ

EďЈ^Ŷ͗�,ŝŐŚ�^Ŷ��ƌŽŶǌĞ

Nb-Ti: LHC 4.2 K

Nb-Ti: Iseult/INUMAC MRI 4.22 K

Iron-based Superconductor 2016

Iron-based Superconductor 2025

REBCO Bצ Tape Plane

REBCO B٣ Tape Plane ���ȝm substrate

2212

High-Jc Nb3Sn

Bronze Process 
Nb3Sn

4543 filament High Sn 
Bronze-16wt.%Sn-0.3wt%Ti 

(Miyazaki-MT18-IEEE’04)

Compiled from 
ASC'02 and 

ICMC'03 papers 
(J. Parrell OI-ST)

121×18 filament OST strand with  
NHMFL 50 bar Over-Pressure HT. J. 

Jiang et al. ASC'16

SuperPower "Turbo" Double 
Layer Tape, measured at 

NHMFL 2009

4.2 K LHC insertion 
quadrupole strand 

(Boutboul et al. 2006)

4.22 K High Field 
MRI strand

(Luvata)

Nb-Ti

January 2017

REBCO B٣ Tape Plane SuperPower "Turbo" Double Layer Tape, 
measured at NHMFL 2009

SuperPower tape, ~5 ʅm Cu,  
measured at NHMFL 2017

Je of IBS: 2016-2025

Peter J. Lee

IBS 2016

Expected IBS 2025

IBS-
Iron Based Superconductor
Much lower cost and better 
mechanical properties 
expected

Q. XU, MT25, Amsterdam, Aug 27 - Sep 1 2017

Y. Ma (IEECAS)

Y. Ma (IEECAS)

Modified version by Q. Xu



Comparisons
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Future pp Colliders at CERN

• HE-LHC and FCC-hh will be part of the European strategy 2018-2020 exercise
• Selection of “optimal” pp collisions energy is challenging
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Back to the Beginning! 

A 10 TeV (5 on 5) ppbar site filler collider was first proposed in 1978 by  Bob Wilson, 
Fermilab’s first director 

Later in
Fantasies of future Fermilab facilities
R. R. Wilson
Rev. Mod. Phys. 51, 259 – Published 1 April 1979

Bjorken (B.J.) proposed it at the 15th annual 
Users’ meeting in 1983 and that it could be 
completed by 1990  

Fermilab Site Filler Proposed in 1978! 

w.r.t. Tevatron
x 2.5 ring size
x 2 with 8.6 T magnets
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